Natural sounds can be characterized by their fluctuations in amplitude and frequency. Ageing may affect sensitivity to some forms of fluctuations more than others. The present study used individual differences across a wide age range (20-79 years) to test the hypothesis that slow-rate, low-carrier frequency modulation (FM) is coded by phase-locked auditory-nerve responses to temporal fine structure (TFS), whereas fast-rate FM is coded via rate-place (tonotopic) cues, based on amplitude modulation (AM) of the temporal envelope after cochlear filtering. Using a low (500 Hz) carrier frequency, diotic FM and AM detection thresholds were measured at slow (1 Hz) and fast (20 Hz) rates in 85 listeners. Frequency selectivity and TFS coding were assessed using forward masking patterns and interaural phase disparity tasks (slow dichotic FM), respectively. Comparable interaural level disparity tasks (slow and fast dichotic AM and fast dichotic FM) were measured to control for effects of binaural processing not specifically related to TFS coding. Thresholds in FM and AM tasks were correlated, even across tasks thought to use separate peripheral codes. Age was correlated with slow and fast FM thresholds in both diotic and dichotic conditions. The relationship between age and AM thresholds was generally not significant. Once accounting for AM sensitivity, only diotic slow-rate FM thresholds remained significantly correlated with age. Overall, results indicate stronger effects of age on FM than AM. However, because of similar effects for both slow and fast FM when not accounting for AM sensitivity, the effects cannot be unambiguously ascribed to TFS coding.
INTRODUCTION
Dynamic changes in pitch are fundamental for communicating contour in speech and music. The ability to detect changes in pitch is in part related to the efficacy with which the cochlea and auditory nerve transduce sound into neural impulses. For sinusoidal frequency modulation (FM), two potential peripheral cues involve rate-place (tonotopic) and temporal (phase-locking) information. According to the rateplace coding theory, FM is detected by fluctuations in the firing rate of auditory neurons as the instantaneous frequency of the tone changes, resulting in shifts of the excitation pattern. In this way, FM is converted to amplitude modulation (AM) by cochlear filtering (Zwicker 1956 (Zwicker , 1970 Maiwald 1967a, b; Sek 1992, 1994; Saberi and Hafter 1995) . In contrast, the temporal code relies on neural spikes that are phase-locked to the vibrations of the basilar membrane, providing the auditory system with timeinterval-based information relating to the temporal fine structure (TFS) to convey the presence of FM (e.g., Sek 1995, 1996) .
It has been proposed that FM with a low-frequency carrier (f c G 4-5 kHz) at slow modulation rates (f m G ∼10 Hz) utilizes a temporal code (Demany and Semal 1989; Sek 1995, 1996; LacherFougère and Demany 1998; Moore and Skrodzka 2002) , whereas FM at faster rates (f m ≥ ∼10 Hz) for the same low-frequency carriers and higher carriers at all rates (up to rates at which the sidebands become spectrally resolved; e.g., Hartmann and Hnath 1982) utilizes a rate-place code (e.g., Sek 1992, 1994; Saberi and Hafter 1995) . There is some evidence suggesting that performance in tasks relying on neural phase locking may degrade with age. For example, older listeners generally perform more poorly than younger listeners on interaural phase and time difference (IPD and ITDs, respectively) detection or discrimination (Grose and Mamo 2010; Füllgrabe 2013; King et al. 2014; Gallun et al. 2014; Füllgrabe et al. 2015) . Age effects on IPDs are present even when controlling for audiometric thresholds between young and older participants (Füllgrabe et al. 2015) and may be present as early as middle age (Ross et al. 2007; Grose and Mamo 2010; Füllgrabe 2013) . Discrimination of harmonic from inharmonic stimuli, believed to require TFS coding, is also poorer in older participants (Hopkins and Moore 2011; Füllgrabe 2013) . Although there is consensus that phase locking to TFS is required for IPD/ITDbased tasks for pure tones, it remains possible that tasks involving frequency coding, including frequency discrimination and FM tasks, are coded via a rateplace mechanism (e.g., Oxenham et al. 2009 Oxenham et al. , 2011 Micheyl et al. 2013) , or some combination of rateplace and time coding (e.g., Loeb et al. 1983; Shamma 1985; Shamma and Klein 2000; Loeb 2005) .
Several studies have found that older participants perform more poorly at low-carrier, slow-rate FM detection than do younger (He et al. 2007; Strelcyk and Dau 2009; Grose and Mamo 2012; Paraouty et al. 2016; Wallaert et al. 2016; Paraouty and Lorenzi 2017) or middle-aged participants (Grose and Mamo 2012) , even when all participants have normal hearing (NH) at the carrier frequency (He et al. 2007; Strelcyk and Dau 2009; Grose and Mamo 2012; Paraouty et al. 2016; Wallaert et al. 2016; Paraouty and Lorenzi 2017) . These results are also consistent with the theory that temporal coding of TFS degrades with age in the absence of audiometric loss at the test frequency. However, some of these studies did not include comparable measures (such as AM detection or FM detection at fast rates) that are not thought to involve temporal coding of TFS. The lack of such Bcontrolm easures makes it difficult to rule out more general effects of aging, such as changes in cortical sensory coding or cognitive function (e.g., attention or processing speed). For example, Grose and Mamo (2012) found that older NH adults were worse at slowrate, low-carrier FM detection relative to younger adults, but it is unclear whether they would have found the same effect for fast-rate FM detection at the same carrier. Even among studies that have used exclusively slow-rate FM, the outcomes have not been completely consistent. For instance, Schoof and Rosen (2014) measured slow FM difference limens (FMDLs) (f m = 2 Hz; f c = 1 kHz) in young (range 19-29 years) and older (range 60-72 years) listeners, but found no difference between the age groups. In this respect, as well as in several other measures examined by Schoof and Rosen (2014) , their results are unusual in finding no perceptual deficits associated with aging, perhaps in part because of their strict definition of NH for the older group.
A few recent studies have used correlational measures in NH listeners to examine what peripheral code may be responsible for low-frequency carrier FM and have found conflicting evidence for the presence of TFS coding (e.g., Whiteford and Oxenham 2015; Otsuka et al. 2016; Paraouty and Lorenzi 2017) . These studies have revealed high multicollinearity across modulation-detection tasks, including those thought to use separate mechanisms (e.g., low-carrier, slowrate FM, and slow-rate AM). For instance, Whiteford and Oxenham (2015) used binaural modulation tasks to assess the fidelity of TFS coding based on IPDs (slow-rate dichotic FM) and level cues (slow-and fastrate dichotic AM and fast dichotic FM) and found that many pairs of tasks (e.g., slow-rate dichotic FM and slow-rate dichotic AM) were correlated as strongly as pairs thought to share the same peripheral code (e.g., slow-rate dichotic FM and slow-rate diotic FM). The non-specific correlations could indicate that the variability between young NH listeners is driven primarily by non-peripheral factors, or that FM and AM use the same peripheral code. Paraouty and Lorenzi (2017) used a large sample of listeners varying in age to potentially increase the variability in peripheral TFS coding and found that thresholds for low-carrier FM with a 5-Hz modulation rate and lowcarrier AM of the same rate were no longer correlated once AM was added to FM in order to disrupt potential excitation pattern cues. This could suggest that slow FM uses a combination of temporal and place coding; however, it is also possible that even at 5 Hz, there may be less viable TFS cues, given that the upper limit of extracting TFS cues in low-carrier FM is estimated to be around 10 Hz (e.g., Moore and Sek 1995) .
The present study measured slow-rate (f m = 1 Hz) and fast-rate (f m = 20 Hz) FM and AM detection in both diotic and dichotic conditions, along with a measure of frequency selectivity based on forward masking, in a large cohort of participants whose ages ranged from 20 to 79 years. The paradigm was similar to that used in our earlier study of only young NH listeners (Whiteford and Oxenham 2015) . The purpose of the dichotic tasks was to assess performance for disparity detection when TFS cues are necessary to complete the task (slow dichotic FM) relative to performance on the same task when TFS cues are not thought to be available (slow dichotic AM, but also fast dichotic FM and fast dichotic AM). The prediction of the study was that a selective deficit in the temporal coding of TFS should lead to poorer detection of slowrate FM in both diotic and dichotic conditions, in ways that are unrelated (or at least less related) to AM or fast-rate FM detection. It was expected that age effects would be less likely to occur for diotic AM detection, given that previous studies have found either no effect (for f m = 5 Hz; He et al. 2008; Paraouty and Lorenzi 2017) or small effects (Füllgrabe et al. 2015; Wallaert et al. 2016 ) of age on sinusoidal AM detection at modulation rates comparable to those used in the present study.
METHODS

Participants
Eighty-five adults (25 males, 60 females, mean age of 48.5 years, range 20.1-79.5) from the University of Minnesota and surrounding community participated in this study. There were 15 participants from each decade of age between 20 and 69 years and 10 participants between 70 and 79 years. Audiometric thresholds were assessed at octave-spaced frequencies between 250 and 8000 Hz. All participants had NH at low frequencies, defined as a low-frequency puretone average (PTA) (250, 500, and 1000 Hz) ≤20 dB hearing level (HL) in both ears, with no low-frequency PTA asymmetries greater than 10 dB. Across-ear average low-frequency PTA tended to increase (worsen) with age (r = 0.56, P G 0.0001, two-tailed). Average audiometric thresholds for each decade are plotted in Figure 1 . Participants provided written informed consent and were compensated with course credit or hourly payment for their time. The experimental protocols were approved by the Institutional Review Board of the University of Minnesota.
Stimuli
With the exception of the first task (absolute thresholds for the carrier frequency), all stimuli and procedures were identical to those used by Whiteford and Oxenham (2015) and are described below.
Absolute threshold for the 500-Hz carrier frequency was measured separately in each ear using a 500-ms pure tone with 10-ms raised-cosine onset and offset ramps. FMDLs and AM difference limens (AMDLs) were measured diotically at this same frequency (f c = 500 Hz) for a slow (f m = 1 Hz) and fast (f m = 20 Hz) modulation rate. Both the target and the reference tones were 2 s in duration with 50-ms raised-cosine onset and offset ramps. The reference tone was always a 500-Hz pure tone, and the target tone was modulated. On a given trial, the modulator starting phase was set so that the FM target began with either an increase or a decrease in frequency excursion from the carrier frequency, with 50 % a priori probability. For the diotic AM tasks, the AM target began at either an amplitude peak or an amplitude trough. Stimuli for the dichotic FM and dichotic AM tasks were similar to their diotic counterparts, except that both the reference and target intervals were modulated. The difference was that the reference interval consisted of diotic stimuli, whereas the target interval had a starting modulator phase that was inverted in one ear, leading to dichotic stimulation that created the percept of a moving inter-cranial image for the slow modulation rate, based on ITDs in the case of FM and ILDs in the case of AM. At the fast modulation rate of 20 Hz, the dynamic ITDs and ILDs were too fast to induce the perception of movement. Instead, the target spatial image was perceived as more diffuse and less punctate than that of the reference (diotic) stimulus. For all FM and AM tasks (diotic and dichotic), the target and the reference tones were separated by a 500-ms inter-stimulus interval (ISI). All FM and AM stimuli were presented at 60 dB sound pressure level (SPL) in each ear.
Detection thresholds were also measured for a brief tone (20-ms total duration) with frequencies of 400, 430, 460, 490, 510, 540, 570 , and 600 Hz, both in quiet and in the presence of a 500-Hz, 500-ms, puretone forward masker. The target frequency was only presented to the right ear, but the forward masker was presented diotically to reduce potential Bconfusion effects^(e.g., Neff 1986). Both the target and the masker had 10-ms raised-cosine onset and offset ramps. The forward masker level was fixed at 70 dB SPL, while the level of the target varied adaptively. The onset of the target occurred directly after the offset of the masker, resulting in a 10-ms gap between the half-amplitude points of masker and target envelopes. The slope of the masking function (target threshold as a function of masker-target frequency difference in octaves, calculated separately for targets below and above the masker frequency) provided an estimate of frequency selectivity.
All stimuli were generated digitally, converted to analog at a sampling rate of 48 kHz via a LynxStudio L22 soundcard, and presented over open-ear headphones (Sennheiser HD650) in a sound-attenuating chamber.
Procedure
Participants completed 11 tasks across 3-4 sessions. Each session lasted no longer than 2 h, and most participants completed the entire study within 3 sessions. The only difference in the procedures from Whiteford and Oxenham (2015) was the inclusion of absolute thresholds for a 500-Hz, 500-ms pure tone in each ear. The purpose of including this task was to obtain a more accurate estimate of audibility of the carrier frequency. The first task was the measurement of absolute thresholds for the 500-ms tones at the carrier frequency. All tasks used a two-interval, twoalternative forced-choice procedure, with a 3-down 1-up adaptive tracking rule that tracks the 79.4 % correct point of the psychometric function (Levitt 1971) . The target was randomly presented in either the first or second interval, and the task was to select the interval containing the target by clicking the corresponding virtual button on the screen (labeled B1^or B2^). Feedback (BCorrect^or BIncorrect^) was provided after each response. Each task is described in the order it was presented to the listeners. The order is consistent with that used by Whiteford and Oxenham (2015) . Task 1: Absolute Threshold for 500-ms Tone. The target was a 500-ms, 500-Hz pure tone, while the reference was 500 ms silence. The target and reference were separated by a 400-ms ISI. Participants were instructed to indicate whether they heard a tone in the first or second time interval, marked by red lights on the virtual response box on the screen. The target was presented at 40 dB SPL in the first trial, and the target level varied by a step size of 8 dB for the first two reversals. The step size was reduced to 4 dB for the third and fourth reversals and then to 2 dB for the following six reversals. Absolute threshold was defined as the mean level of the target at the last six reversal points. At least three adaptive runs were measured for each ear. If the standard deviation (SD) across the first three runs was ≥4 dB, thresholds from an additional three runs were collected, and only the last three runs were used in analyses. The order of the presentation ear (left vs. right) was randomized between runs. Tasks 2 and 3: Dichotic FM Detection. Slow (f m = 1 Hz) dichotic FM detection was completed first, followed by fast (f m = 20 Hz) dichotic FM detection. For slow dichotic FM, participants heard two tones, one at a time, and were instructed to pick the tone that sounded as though it were Bmoving in your head.P articipants were encouraged to view the feedback on the screen to ensure they were listening for the correct feature. The frequency excursion from the carrier ( f) was varied adaptively in the same manner as in Whiteford and Oxenham (2015) . Each run began with the peak-to-peak frequency excursion (2 f) set to 0.4 %, just below most average diotic FMDLs. The maximum value of the tracking variable was 2 f = 2 % so that pitch cues would not interfere with the task (i.e., so that the target was perceived as a moving pure tone rather than one that was modulated in pitch). If the adaptive procedure called for a value of 2 f that exceeded the maximum allowable value in more than 10 trials within a run, no threshold was recorded and listeners had to complete three additional runs. The value of f varied by a factor of 2 for the first two reversals and a factor of 1.4 for the third and fourth reversals. The step size for the final six reversals was reduced to a factor of 1.19. Threshold was defined as the geometric mean value of 2 f at the last six reversal points. All subsequent FM tasks use the same series of step sizes. If the SD across the first three runs was greater than or equal to 0.4 log units, those runs were regarded as practice, and thresholds from three additional runs were collected. The same SD criterion was used for all following FM tasks. Two participants could not differentiate the target from the reference tone with the standard starting value. For both participants, the starting value of the tracking variable was adjusted to 2 f = 1.2 %. One participant was able to complete the task with the higher starting value. The other participant was unable to complete the slow dichotic FM task, even with an adjusted start value (age = 68). This participant was able to complete every other task, and so the ceiling value (2 f = 2 %) was used as their threshold for slow dichotic FM.
Next, participants completed fast (f m = 20 Hz) dichotic FM detection. The instructions were to select which interval contained the tone with the Bbroader auditory image.^Again, participants were instructed to look at the feedback to help them identify the correct feature. Each run began with 2 f = 2 %, with 2 f never exceeding 200 % throughout each run. Tasks 4 and 5: Diotic FM Detection. For both slow and fast FM detection, participants were instructed to pick the tone that was Bmodulated,^and that the modulated tone would sound like it is Bchanging.Ŝ low FM was always measured before fast FM. The starting value of the tracking variable was 2 f = 5.02 % and never exceeded 2 f = 200 %. The adaptive step sizes and the number of reversals used to define threshold were the same as in tasks 2 and 3. Task 6: Absolute Thresholds for 20-ms Tones. Participants completed one adaptive run at each target frequency (400, 430, 460, 490, 510, 540, 570, and 600 Hz) , and the order of the target frequency was randomized between runs. These were the same target frequencies as used in the forward masking patterns task (Task 11) but without the presence of the pure-tone forward masker. The instructions were to indicate whether the first or second time interval, marked by lights on the virtual response box on the screen, Bhad a click in it.T he design was analogous to the forward masking patterns task so that the target interval was 500 ms silence, directly followed by the 20-ms target. The reference interval was 520 ms silence. The reference and target intervals were separated by a 400-ms ISI. The level of the target frequency was varied adaptively. The target was presented at 40 dB SPL during the first trial, and the level was varied by a step size of 8 dB for the first two reversals. The step size was reduced to 4 dB for the third and fourth reversals and then to 2 dB for the following six reversals. Absolute threshold was defined as the mean target level at the last six reversal points. If the SD within a given run was ≥4 dB, one additional run was completed for the corresponding frequency, and only the second run was used in analyses. Tasks 7 and 8: Dichotic AM Detection. The instructions for dichotic AM detection tasks were the same as for the dichotic FM tasks. Slow (f m = 1 Hz) dichotic AM was always measured before fast (f m = 20 Hz) dichotic AM. The starting value of the tracking variable, in units of 20log(m), was −8 dB. The step size was 6 dB for the first two reversals, 2 dB for the next two reversals, and 1 dB for the final six reversals. Participants with SDs ≥ 4 dB across their first three runs completed three additional runs, and only the subsequent runs were used in analyses. The same SD criterion was used for diotic AM detection (tasks 9 and 10). Tasks 9 and 10: Diotic AM Detection. The task instructions for AM detection were the same as FM detection. Slow (f m = 1 Hz) AM was always measured before fast (f m = 20 Hz) AM. The modulation depth (m) was varied adaptively in the same manner as the dichotic AM tasks.
Task 11: Forward Masking Patterns. The 500-Hz puretone forward masker was presented in both intervals. In one of the intervals, a 20-ms target directly followed the masker. The instructions were to pick the tone that had a Bclick^after it. The ISI was 400 ms. The level of the masker was fixed at 70 dB SPL, while the target level varied adaptively. The starting value of the target was 60 dB SPL. Initially, the step size was 8 dB for the first two reversal points. The step size was decreased to 4 dB for the following two reversals and then decreased to 2 dB for the last six reversals. Threshold was defined as the average target level at the final six reversal points.
Participants completed two runs for each of the eight target frequencies (400, 430, 460, 490, 510, 540, 570 , and 600 Hz; 16 runs total), and the order of the target frequencies was randomized between runs. If the SD across any of the two runs was ≥4 dB, participants completed two additional runs for the given target frequencies. If a participant had to repeat runs for two or more target frequencies, the order of the subsequent target frequencies was randomized. The recorded threshold was the mean (in dB) of thresholds across the final two runs in each condition.
RESULTS
Diotic and Dichotic Frequency and Amplitude Modulation Detection Thresholds
Boxplots of the FMDLs across listeners are presented in Figure 2a . A two-way repeated-measures analysis of variance (ANOVA) was conducted on the average logtransformed thresholds for each subject, with modulation rate (slow vs. fast) and task type (diotic vs. dichotic) as within-subject factors. Results indicated a main effect of modulation rate [F (1, 84) = 434, P G 0.0001, η p 2 = 0.838], a main effect of task-type [F (1, 84) = 63, P G 0.0001, η p 2 = 0.428], and a significant interaction [F (1, 84) = 268, P G 0.0001, η p 2 = 0.761]. Post hoc Bonferroni-corrected t tests (α = 0.0083) showed significant differences between all combinations of FM tasks, diotic and dichotic at both modulation rates, except for fast diotic and fast dichotic FM. There was a slight trend for better performance on fast diotic FM relative to fast dichotic FM, but this was not significantly different once correcting for multiple comparisons [t (84) = −2.11, P = 0.03]. Thresholds for slow dichotic FM detection were significantly lower (better) than those for slow diotic FM detection (P G 0.0001). This result is consistent with the idea that subjects were using phase-locking to detect dynamic IPDs in the dichotic task, as IPD thresholds for static 500-Hz tones (e.g., Yost 1974) are far smaller than those produced by detectable values of 2Δf in the diotic FM detection tasks. Slow diotic FM detec-tion was also significantly better than fast diotic FM (P G 0.0001). These trends are consistent with a number of previous studies that have implicated the use of phase-locking for slow, but not fast, FM detection (e.g., Sek 1995, 1996; LacherFougère and Demany 1998; Strelcyk and Dau 2009) .
Boxplots of the AMDLs are presented in Figure 2b . A two-way repeated-measures ANOVA with modulation rate (slow vs. fast) and task-type (diotic vs. dichotic) as within-subject factors revealed a main effect of modulation rate [F (1, 84) = 52.2, P G 0.0001, η p 2 = 0.383], a main effect of task-type [F (1, 84) = 518, P G 0.0001, η p 2 = 0.861], and a significant interaction [F (1, 84) = 63.6, P G 0.0001, η p 2 = 0.431]. Post hoc Bonferroni-corrected t tests (α = 0.0083) for all possible pairwise comparisons demonstrated significant differences between all AM tasks, diotic and dichotic, except for slow vs. fast dichotic AM [t (84) = 1.28, P = 0.203]. As has been found several times for sinusoidal AM with gated carriers (Viemeister 1979; Sheft and Yost 1990; Moore and Sek 1995; Whiteford and Oxenham 2015) , thresholds for fast diotic AM were significantly better than those for slow diotic AM (P G 0.0001), possibly due to the increased number of cycles in fast-rate compared to slow-rate AM (e.g., 2 cycles in slow AM compared to 40 cycles in fast AM) (e.g., Wallaert et al. 2016 ). Both slow and fast diotic AM thresholds were significantly better than their dichotic counterparts (P G 0.0001 in both cases).
Correlations Between Age, FMDLs, and AMDLs
One way to examine the use of phase-locking in slow and fast FM is to correlate age with FM detection, given the large body of evidence suggesting TFS coding degrades with age (e.g., Hopkins and Moore 2011; Moore et al. 2012b; Füllgrabe 2013) . One possibility is that performance on all modulationdetection tasks may degrade with age, regardless of the peripheral code involved. In fact, all of the FM detection tasks, diotic (slow FM: r = 0.404, P G 0.0001, one-tailed; fast FM: r = 0.372, P = 0.00025, one-tailed) and dichotic (slow FM: r = 0.42, P G 0.0001, one-tailed; fast FM: r = 0.42, P G 0.0001, one-tailed), were significantly correlated with age, even after using Bonferroni correction for running 16 multiple comparisons (i.e., all correlations run with age; α = 0.003; see Fig. 3 ). This was not the case for all of the AM tasks (see Fig. 4 ). Indeed, only fast dichotic AM was significantly correlated with age (r = 0.367, P = 0.0003, one-tailed), while slow dichotic AM (r = 0.174, P = 0.056, one-tailed) and slow (r = −0.069, P = 0.265, one-tailed) and fast diotic AM (r = 0.154, P = 0.08, onetailed) were not.
The lack of correlation between diotic AM and age could not be accounted for by subclinical hearing loss and age co-varying (where reduced cochlear compression in older listeners might provide a benefit in AM detection), as neither diotic slow AM nor diotic fast AM correlated with age once partialling out average absolute thresholds at 500 Hz (slow AM: r p = −.148, p = 0.088, one-tailed; fast AM: r p = 0.173, p = 0.057, one-tailed). However, both slow and fast diotic FM still correlated with age after controlling for audibility at 500 Hz (slow FM: r p = 0.335, P = 0.0009, one-tailed; fast FM: r p = 0.33, P = 0.001, one-tailed). Even though fast diotic FM was significantly correlated with age and fast diotic AM was not, it is important to note that the difference between these two correlations, assessed using Steiger's Z test (Steiger 1980), was not significant (Z = 1.75, P = 0.08, two-tailed), while the difference between the correlation of slow-rate diotic FM with age and the correlation of slow-rate diotic AM with age was highly significant (Z = 4.23, P G 0.0001, twotailed).
To control for any shared factors involved in modulation detection, including non-peripheral factors, we computed difference scores for each subject. First, the average FMDLs and AMDLs across subjects were z-transformed so that they were in the same units. Then, a difference score for each subject was calculated, subtracting their zscored threshold in an AM detection task from their z-scored threshold in the corresponding FM detection task (e.g., slow diotic FM, slow diotic AM). Participants who perform better on FM detection relative to AM detection will have lower difference scores, and vice versa. Once controlling for sensitivity to diotic AM detection, slow diotic FM detection thresholds were still significantly correlated with age (r = 0.458, P G 0.0001, onetailed), whereas fast diotic FM detection thresholds were not (r = 0.184, P = 0.046, one-tailed; see Fig. 5a, b) . The difference between these two correlations was significant (Z = 2.34, P = 0.019, two-tailed). Assuming TFS coding degrades with age, this outcome provides some evidence for a role for TFS coding in slow diotic FM detection and perhaps no role, or a smaller role, for TFS coding in fast diotic FM.
If the variability in slow dichotic FM is driven by variability in TFS coding, then slow dichotic FM should be correlated with age, once controlling for sensitivity to slow dichotic AM. However, there was no significant correlation between the difference scores for slow dichotic FM once correcting for multiple comparisons (r = 0.247, P = 0.011, one-tailed; see Fig. 5c ). As expected, there was also no correlation between fast dichotic FM difference scores and age (r = 0.042, P = 0.352, one-tailed; see Fig. 5d ).
Correlations Between FM and AM Tasks
If the variability between participants in FM and AM diotic and dichotic tasks is largely driven by variability in peripheral coding, then thresholds in tasks that rely on similar peripheral codes should be highly correlated. Similarly, thresholds in tasks thought to rely on separate peripheral codes should not be highly correlated. In line with the peripheral coding hypothesis, slow diotic FM detection thresholds were correlated with slow dichotic FM detection thresholds (r = 0.426, P G 0.0001, one-tailed), a task that is believed to rely on TFS coding (see Fig. 6a ). This correlation was significant even after using Bonferroni correction for seven multiple comparisons (α = 0.007). Tasks believed to reflect excitation pattern information, such as fast diotic FM and fast dichotic FM (r = 0.634, P G 0.0001, one-tailed) and fast diotic AM and fast dichotic AM (r = 0.529, P G 0.0001, one-tailed; see significantly correlated. However, tasks believed to reflect separate peripheral codes were also well correlated. For instance, thresholds in the slow diotic FM condition and the slow diotic AM condition were correlated (r = 0.468, P G 0.0001, one-tailed; see Fig. 6c ). In the same vein, dichotic tests believed to reflect similar peripheral mechanisms, such as fast dichotic FM and fast dichotic AM (r = 0.34, P = 0.001, one-tailed), as well those thought to reflect separate mechanisms, such as slow dichotic FM and slow dichotic AM (r = 0.502, P G 0.0001, one-tailed), were also moderately correlated (see Fig. 7 ). Because thresholds in most of the modulated tasks were well correlated with each other, our correlational measures provide no strong evidence for either the use of place or temporal coding in FM detection at different rates.
Frequency Selectivity and FM Detection
In order to estimate the steepness of the low-and high-frequency sides of the excitation pattern for each subject, we first calculated the threshold for each of the 20-ms target frequencies when preceded by the 500-Hz pure-tone masker. Then, two linear regression analyses were conducted to estimate the low and high slopes of the forward masking patterns. The low slope was based on a regression using the thresholds from the four lowest target frequencies (400, 430, 460, and 490 Hz) , and the high slope was based on a regression using the thresholds from the four highest target frequencies (510, 540, 570, and 600 Hz) . Under this arrangement, steep low slopes are increasingly positive, whereas steep high slopes are increasingly negative.
If fast, but not slow, diotic FM detection relies on place coding, then fast diotic FM thresholds should be correlated with the steepness of the filter slopes from the forward masking patterns but slow FM thresholds should not. However, neither slow (low slope: r = 0.003, P = 0.489; high slope: r = 0.039, P = 0.362; low slope + |high slope|: r = −0.02, P = 0.428) nor fast (low slope: r = 0.064, P = 0.28; high slope: r = 0.069, P = 0.265; low slope + |high slope|: r = 0.006, P = 0.478) diotic FMDLs were correlated with frequency selectivity. Subtractive measures controlling for the sensitivity to AM at the same modulation rate are plotted in Figure 8 (top row: slow FM; bottom row: fast FM). As can be seen from the top row in Figure 8 , there was also no correlation between slow FMDLs and filter slopes once controlling for sensitivity to slow AMDLs (low slope: r = −0.015, P = 0.446; high slope: r = 0.139, P = 0.103; low slope + |high slope|: r = −0.089, P = 0.209). There was only a very weak correlation between fast FM and filter slopes (low slope: r = −0.209, P = 0.028; high slope: r = 0.17, P = 0.06; low slope + |high slope|: r = −0.242, P = 0.013; see bottom row of Fig. 8 ). Note that these correlations only reach significance without corrections for multiple comparisons.
DISCUSSION
The Role of TFS Coding in FM Detection
Results from this study provided evidence both for and against the hypothesis that slow FMDLs require temporal coding of TFS, and that TFS coding degrades with age. The primary piece of supporting evidence was that slow, but not fast, diotic FMDLs were correlated with age, after controlling for sensitivity to AMDLs at the same rate. These two correlations were also significantly different from one another. AMDLs at the same rate make an ideal control for diotic FM because the task procedures and demands were very similar, with only the stimulus differing. Hence, any non-TFS factors should be well controlled. Second, as found in many previous studies (e.g., Moore and Sek 1996; Lacher-Fougère and Demany 1998; Whiteford and Oxenham 2015) , detection of slow diotic FM was better than detection of fast diotic FM, while the opposite trend was found for AM. Together, the correlations with age and the patterns of average detection thresholds could suggest that slow, low-carrier FM uses a separate peripheral code, based on phase-locking to TFS cues. However, even a dissociation between AM and FM does not necessarily imply TFS processing, as these same results could be a product of differences in the correlational properties of cortical neurons (Micheyl et al. 2013 ). The present findings might also be explained by a combined place and temporal model for slow, low-carrier FM, as suggested by some studies measuring slow-rate FMDLs in the presence of an AM masker (e.g., Paraouty et al. 2016; Paraouty and Lorenzi 2017) . For example, consistent with our findings, Paraouty and Lorenzi (2017) found that slow diotic FM and slow diotic AM were correlated across a large group of listeners. However, slow diotic FM in the presence of added AM, used to minimize place information, did not correlate with slow diotic AM but did correlate with slow diotic FM in quiet (with no added AM).
Other aspects of the results from the present study are less easily interpreted in terms of different coding mechanisms for FM and AM. First, slow dichotic FMDLs were not correlated with age, once slow dichotic AMDLs were factored out. Thus, for the one task where temporal coding of TFS must play a role (dichotic FM, or dynamic IPD, detection), no strong correlation with age was found, raising questions as to why it was found for the diotic FM, which may or may not be represented via temporal coding. One possibility is that performance in the binaural tasks was limited by more central constraints, during or following the binaural integration of information. Second, similar correlations were observed between age and both slow and fast diotic FM without controlling for sensitivity to AM. It could be that the variability was driven by non-TFS coding factors in fast-rate diotic FM (as suggested by the lack of correlation with age once controlling for sensitivity to fast diotic AM), but not slow-rate diotic FM. Alternatively, both slow-and fast-rate diotic FM detection may use a similar peripheral code. The A number of non-peripheral factors might also be responsible for the high multicollinearity between many FM and AM tasks. First, the primary limiting factor in diotic FMDLs and AMDLs may arise from central coding. For example, a shared cortical rateplace code for frequency and intensity (Micheyl et al. 2013 ) might account for correlations in behavioral FM/AM data, although the model has yet to be applied to FMDLs and AMDLs in the same manner as frequency and intensity difference limens. Second, all of the diotic and dichotic FM and AM tasks in the present study have very similar task demands, and some multicollinearity could be from cognitive aspects required to detect modulation, such as sustained attention (e.g., Füllgrabe et al. 2015) . Given that more general cognitive measures were not assessed in the present study, their influence on the present measures remains speculative.
Effects of Age or High-Frequency Hearing Loss?
It is important to note that any effects of age found in the present study could be driven by high-frequency hearing loss. This is because age and average high-frequency (2, 4, and 8 kHz) audiometric thresholds were highly correlated (r = 0.741, P G 0.0001). In addition, Schoof and Rosen (2014) did not find a relation between poor slow, low-carrier FMDLs and age. One difference in their study is the more stringent NH criterion relative to the current study or previous studies (He et al. 2007; Strelcyk and Dau 2009; Grose and Mamo 2012; Paraouty et al. 2016) . Schoof and Rosen (2014) required older and younger subjects to have audiometric thresholds in both ears ≤25 dB HL up to and including 4 kHz (two octaves above the carrier frequency, f c = 1 kHz), and then thresholds ≤25 dB HL in at least one ear at 6 kHz (two and a half octaves above the carrier). Figure 9 plots the present diotic FMDLs and AMDLs from a subset of our subjects, selected using the same age and analogous audiometric criteria. Average FMDLs are plotted for younger (age G 30; n = 15) and older (age ≥ 60; n = 11) participants. Average FMDLs from Schoof and Rosen for a 1-kHz carrier with a 2-Hz modulation rate are plotted for reference (squares). Even when using a similar, more stringent NH criterion, our results demonstrate significantly poorer FMDLs in the older adults [F (1,24) = 4.24, P = 0.046, η p 2 = 0.155], a main effect of modulation rate [F (1,24) = 15.754, P = 0.001, η p 2 = 0.396], but no interaction between modulation rate and group [F (1,24) = 0.693, P = 0.413, η p 2 = 0.028]. Importantly, the same group trends were not observed for AMDLs: There was no main effect of group [F (1,24) = 0.343, P = 0.563, η p 2 = 0.014], but there was a main effect of modulation rate [F (1,24) = 44.875, P G 0.0001, η p 2 = 0.652], and no group by rate interaction [F (1,24) = 1.9, P = 0.181, η p 2 = 0.073]. The fact that group differences remain in the FM but not the AM tasks, despite the more stringent criteria, is consistent with the poorer FMDLs being due to age rather than age-related high-frequency hearing loss.
It remains to be explained why Schoof and Rosen (2014) did not find an age effect for slow, low-carrier FM. The average age of older and young adults was comparable between studies when using a similar NH criterion (Schoof and Rosen (2014): mean age young = 23.7, mean age older = 64.1; present study: mean age young = 25.1, mean age older = 66.3). Apart from a few methodological differences (e.g., 3AFC instead of 2AFC, f c = 1 kHz instead of f c = 500 Hz, and minor differences in the use of practice trials), their procedures were quite similar to those of the present study. Schoof and Rosen's (2014) FMDLs are substantially better than were found in the current study, but this was expected, as FMDLs tend to be better at 1 kHz relative to 500 Hz when quantified as percent peak-to-peak frequency change (Demany and Semal 1989) . It is possible that there may have been differences in audiometric thresholds at the test frequency between the current study and Schoof and Rosen (2014) accounting for these effects. However, this seems unlikely given that all but one participant in the present study had audiometric thresholds ≤20 dB HL at 500 Hz, and this participant had 25 dB HL in just one ear. One last explanation is that our group may have had greater absolute hearing loss at 6 kHz (not measured in the present study) or 8 kHz, and perhaps hearing loss specifically at 6 or 8 kHz may influence the results. This could be a meaningful difference if high-frequency hearing loss is a marker for age-related synaptopathy throughout the cochlea, including lower-frequency areas where absolute thresholds are normal, as was found in CBA/ CaJ mice (Sergeyenko et al. 2013) . However, there is currently no direct, physiological measure to confirm age-related synaptopathy in humans, so it remains unclear whether high-frequency hearing loss co-varies with a loss of synaptic terminals at lower-frequency places along the basilar membrane. Furthermore, simulations using signal detection theory suggest that very severe synaptopathy may be necessary to noticeably affect frequency coding, whether or not a temporal code is used (Oxenham 2016).
The Role of Frequency Selectivity in FM Detection
Even after controlling for sensitivity to AM, fast-rate diotic FM was only very weakly correlated with the steepness of the auditory filter slopes but slow diotic FM was not, suggesting a possible small role for frequency selectivity specific to fast diotic FM. This trend was only significant when no corrections were made for multiple comparisons. However, if cochlear filtering was responsible for the average trends observed in Figure 3 , then one might expect moderate-to-strong correlations between fast-rate diotic FM and frequency selectivity. Hence, the evidence for a role of place coding in fast FM detection is weak. These results are consistent with the findings of Whiteford and Oxenham's (2015) study of young, NH listeners, where they found similarly weak correlations between FMDLs and filter slopes. It may be that stronger correlations will be observed in a population that spans a wide range of sensorineural hearing loss at the carrier frequency and, hence, a wide range of frequency selectivity. According to the initial hypothesis of this study, increasing the variability in place coding should have a greater influence on fast, but not slow, FM detection.
Changes in Between-Subject Variability with Age
The current study examined low-carrier FM and AM detection at different rates in diotic and dichotic conditions across a large cohort of listeners varying in age, potentially providing insight into which tasks utilize temporal coding of TFS, given the number of earlier studies indicating an effect of age on tasks thought to employ temporal coding of TFS (e.g., Grose and Mamo 2010; Grose and Mamo 2012; Ruggles et al. 2012; Füllgrabe 2013; Gallun et al. 2014) . The variability in performance on slow dichotic FM was considerably larger in the current sample than in Whiteford and Oxenham's (2015) cohort of young NH listeners (see Table 1 ). This could reflect an increase in variability in TFS coding due to our inclusion of older listeners. However, the variability on slow dichotic AM and fast dichotic FM was also much higher in the current sample relative to the younger listeners. Because the increase in variability in the dichotic tasks was not specific to slow dichotic FM, the specific source of this variability is unclear and may not, in fact, be driven by variability in peripheral temporal coding. The implications of increased variability in several binaural tasks with age, even non-TFS binaural tasks, are important and suggest that assuming performance variability on binaural tasks largely reflects differences in peripheral coding may not be appropriate. These findings, in addition to the lack of significant correlation between slow dichotic FM and age once controlling for performance on slow dichotic AM (Fig. 5c) , could mean that previous attempts to measure TFS processing using IPDs in older NH or HI listeners may have reflected variability in more central binaural coding (e.g., Grose and Mamo 2010; Hopkins and Moore 2011; Moore et al. 2012a ).
CONCLUSIONS
Findings from the present study across a large cohort of listeners varying in age provide mixed evidence for the role of temporally based TFS coding in slow, but not fast, FM detection. Slow but not fast diotic FMDLs correlated with age, but this specific trend was only observed once controlling for sensitivity to diotic AM. Overall, AMDLs were not strongly correlated with age. FMDLs and AMDLs were correlated, even for tasks thought to use different peripheral codes, potentially implicating a role of central processing, including more central sensory coding, as well as nonsensory cognitive factors, such as sustained attention, on FM and AM detection. Therefore, the effects of age on peripheral coding may be outweighed by variability in non-peripheral factors.
